Transfer of methotrexate and 5-methyltryptophan resistance from carrot (Daucus carota) to tobacco (Nicotiana tabacum) was achieved by fusion between leaf mesophyll protoplasts of tobacco and irradiated cell culture protoplasts of carrot. Some of the regenerated somatic hybrids exhibited normal tobacco morphology with coexpression and independent segregation of the transferred resistance markers. Chromosomal instability resulted in aneuploid somatic hybrids with significantly lower chromosome number than predicted by simple addition of parental chromosome number. The methotrexate resistance phenotype was correlated with the expression of carrot-specific dihydrofolate reductase as judged by isozyme and immunological characteristics of the enzyme. The genomic construct of these somatic hybrids made the transmission of the resistance character into the next sexual generation possible.
ABSTRACT
Transfer of methotrexate and 5-methyltryptophan resistance from carrot (Daucus carota) to tobacco (Nicotiana tabacum) was achieved by fusion between leaf mesophyll protoplasts of tobacco and irradiated cell culture protoplasts of carrot. Some of the regenerated somatic hybrids exhibited normal tobacco morphology with coexpression and independent segregation of the transferred resistance markers. Chromosomal instability resulted in aneuploid somatic hybrids with significantly lower chromosome number than predicted by simple addition of parental chromosome number. The methotrexate resistance phenotype was correlated with the expression of carrot-specific dihydrofolate reductase as judged by isozyme and immunological characteristics of the enzyme. The genomic construct of these somatic hybrids made the transmission of the resistance character into the next sexual generation possible.
protoplasts (11) . In some of the resulting nitrate reductasepositive tobacco plants, barley enzyme was detected with immunological methods. Because of leakiness of selection techniques, based on a single recessive and unstable mutation, the authors did not conclude that cell fusion-mediated gene transfer had occurred. At present, available experimental data are insufficient to explore the potential of asymmetric cell fusion for widening genetic variability.
In this paper we describe a fusion system that allowed the monitoring of two dominantly acting selectable markers in tobacco + carrot fusion products. Molecular evidence confirming the expression of carrot-specific dihydrofolate reductase (DHFR; EC 1.5.1.3) in regenerated hybrid plants with normal tobacco morphology is presented. Furthermore, sexual progenies are analyzed to test the inheritance of transferred genetic markers.
Gene flow between incompatible species is strongly restricted by evolutionary boundaries in sexual crossings. The use of somatic cells as targets in genetic manipulation experiments, based on DNA transformation or cell hybridization, has opened new horizons for combining diverse genes from unrelated species. If the gene of interest has been cloned, advanced transformation systems may provide the most efficient way of introducing it into a foreign host genome (1, 2) . When isolated genes are lacking, asymmetric hybridization mediated by protoplast fusion offers an alternative approach for alien gene transfer. The asymmetric nature of nuclear genomes in cell hybrids originates from spontaneous or induced genome instability, with preferential loss of chromosomes belonging to one of the parental species. Enforced chromosome elimination can be a prerequisite of hybrid plant production in several wide fusion combinations in which somatic incompatibility prohibits hybrid development (3) (4) (5) . The transient coexistence of two diverse genomes in hybrid cells may provide the opportunity for recombination of chromosomes or a few genes from the eliminated partner. To test this hypothesis, experimental methods are needed to control chromosome elimination from fusion products. Irradiation-induced genomic fragmentation was successfully used to produce asymmetric nuclear hybrids (6) (7) (8) and to transfer cytoplasmic organelles (9, 10) .
Irradiating donor protoplast populations before fusion results in intergeneric somatic hybrids that have retained only one or two chromosomes and few phenotypic traits from the irradiated partner (6, 7) . Since (15) . The dominant nature of these two resistance markers was shown by expression of MTX and Trp(5Me) resistance in fusion products.
Protoplast Isolation, Fusion, and Culture. SR1 tobacco leaf protoplasts were isolated as described by Marton (16) . Protoplasts of carrot [Daucus carota (Umbelliferae)] (H47 line) were isolated from cell suspension cultures incubated with enzyme solution (17) . After digestion, cell cultures were filtered through a 44-gm stainless steel sieve, and the resulting protoplasts were exposed to various doses of y rays, using a 'Co source that yielded 0.06 gray (Gy)/sec at 4.5 cm from the source. Fusion experiments were carried out with carrot protoplasts that absorbed 53, 107, or 166 Gy of irradiation in enzyme solution. Protoplasts were washed in a glucose solution (17) and mixed in a 1:1 ratio at a density of 105 cells per ml. Fusion was induced with polyethylene glycol, combined with high-calcium and high-pH washing (18) in the presence of dimethyl sulfoxide (19) . Both treated and control parental protoplasts were cultured in K75 medium (20 
bromide. Under denaturing conditions, proteins were separated by using 5-20% polyacrylamide gradient gels according to Laemmli (23) . Electrophoretic transfer to nitrocellulose filters and immunoblotting were performed according to Towbin et al. (24) , using 10 mM imidazole/30 mM glycylglycine/0.1% NaDodSO4/20% (vol/vol) methanol, pH 7.2-7.4 (25) . Prior to antibody treatment, nitrocellulose filters were incubated in 2% ovalbumin in phosphate-buffered saline (PBS; 136 mM NaCl/2 mM KH2PO4/8 mM Na2HPO4/2.6 mM KCI) overnight to reduce nonspecific binding. Bound antiserum to carrot DHFR (26) (1 , uM MTX) . MTXresistant colonies, with white and compact callus morphology similar to tobacco calli, were isolated and further characterized. From four independent fusion experiments, with various combinations of radiation treatment, 37 MTXresistant tobacco type colonies (designated NICA) were selected and transferred onto regeneration medium lacking MTX.
The morphology of regenerants from NICA-1 was very similar to that of SR1 tobacco plants (Fig. 1A) . When grown in soil under greenhouse conditions, NICA plants were somewhat shorter and flowered earlier than SR1 parental control tobacco plants. Flowers were male sterile. In addition to NICA plants with normal tobacco morphology, narrowleaf regenerants were also found (Fig. 1B) (27) . In carrot parental cells the high level of MTX resistance is a consequence of decreased enzyme sensitivity to the drug and increased specific activity (unpublished preliminary results). Hybrid selection was based on the MTX-resistance phenotype. Therefore characteriza- tion of DHFR in regenerated hybrids may provide information about specific gene transfer.
One approach to identification of parental DHFR is the comparison of isozymes separated by nondenaturing PAGE and stained for enzyme activity. As shown in Fig. 3A antiserum. NICA-105-6 is a MTX-resistant hybrid, while NICA-102-2 has lost MTX resistance during culture under nonselective conditions. Cell extracts prepared from NICA-105-6 calli grown in the presence of MTX (1 gM) or from a plant grown in the absence of MTX reacted with carrot DHFR antiserum. Carrot (58-kDa), tobacco (24-kDa), and unique (86-kDa) proteins were visualized in extracts from NICA-105-6. MTX-sensitive NICA-102-2 retained the 24-kDa band and is indistinguishable from the tobacco parent. Carrot DHFR antiserum revealed an apparent correlation between the presence of 58-and 86-kDa proteins and MTX resistance. This antiserum was previously shown to react with purified carrot 58-kDA DHFR (26) . Synthesis of DHFR in MTX-resistant hybrids, with molecular weight and antigenic properties similar to those of carrot DHFR, is a further indication of carrot-specific enzyme expression in tobacco.
Progeny Analysis. Somatic hybrid plants regenerated from NICA-1 flowered under greenhouse conditions, Formation of short filaments and abnormal anthers prevented self-pollination; therefore, these plants were fertilized with SR1 pollen. The resulting seeds were germinated and tested for MTX resistance. As shown in Fig. 2C (33) . Accumulation of DNA strand breaks was also detected in MTX-treated cells (34) . A variety of chromosomal aberrations was characteristic for MTX-resistant cells, as discussed by Schimke et al. (35) . Before predicting a similar mode of action in plant cells, further experiments are needed to determine the possible role of MTX-induced recombination in cell hybridization and in transformation of higher plants.
At present we do not know the molecular and cytological mechanisms that produced asymmetric hybrids after tobacco and carrot protoplast fusion. The important feature of the resulting hybrids is that their genetic constitution has made possible the regeneration of normal plants capable of producing sexual progenies. These hybrids are different from the previous intergeneric somatic hybrids, which were hampered with serious morphological abnormalities (21, 36) or sterility (37) . In the present experiments segregation of MTX-resistant seedlings among sexual progenies has provided evidence for transfer of an introduced foreign trait into the next generation. Considering seed production from these somatic hybrids sharing characters from two phylogenetically diverse plant species, the asymmetric cell hybridization method is of great potential in practical plant breeding. These studies on tobacco + carrot fusion products indicate that selection of plant species, radiation-induced genomic instability, and specific MTX effects can be key factors in generation of these hybrid plants. Their 
